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ABSTRACT The recent massive global movement towards green energy in power systems has raised
the efforts of integrating large-scale Renewable Energy Sources (RESs) through Multi-Terminal HVDC
(MTDC) systems. The configuration of the MTDC system and the possibility of transnational intercon-
nection impose some challenges and raise the potential of single or multi-objective control for the DC
voltage control. Additional requirements from the Transmission System Operator (TSO) and/or AC grids
may influence the action taken for the DC voltage control. In this paper, a generalized classification for the
DC voltage control methods in an MTDC system is delivered. The DC voltage control methods are classified
into conventional control (i.e., reference voltage-based control) and non-conventional control (i.e., virtual
resistance-based control) methods. The DC voltage control objective may cover a range of the following
targets: power-sharing based on converters’ rating capacity, ratio priority of the power distribution, available
headroom, and/or loading factor. The control objective may include transmission losses minimization of the
MTDC system with optimal or sub-optimal power flow. The design approaches of the control methods for
post-contingency operation are presented. The control methods are evaluated and simulated with a 4-terminal
radial MTDC network during normal and abnormal system operation. A comprehensive performance
assessment is also presented considering the control methods from the perspective of the control method
and objective, system efficiency, grid-code violation, communication requirement, and design complexity
and flexibility.

INDEX TERMS DC power flow, DC voltage control, HVDC, MTDC, renewable energy source, steady-state.

NOMENCLATURE SCADA Supervisory control and data acquisition.
AHD  Available headroom-based droop. TSO Transmission system operator.
FDCT  Flexible DC transmission. TSOD TSO-based droop.

FRD Fixed rating-based droop. VM Voltage margin.
GSC  Grid-side converter. WSC Wind-side converter.
LFD Loading factor-based droop. K Droop gain.
M/S Master/slave. P DC
MTLD Minimum transmission loss-based droop. power.
OPF Optimal power flow. R DC transmission line resistance.
RPD Ratio priority-based droop. 14 DC voltage.
Subscripts
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I. INTRODUCTION

Renewable Energy Sources (RESs) are the modern advances
in mainstream high-power transmission systems. The unin-
terruptible power supply and clean generation nature of the
RESs embolden their steadfastness alongside the worldwide
electricity demand and the United Nations” (UN) 2030 sus-
tainable development goals [1], [2]. Due to the nature of
the high-power RESs, its installation location is commonly
in isolated off-load lands. In recent years, and with the
development of fast control power electronics and low-
loss high-voltage DC cables, High-Voltage Direct Current
(HVDC) and Multi-Terminal HVDC (MTDC) networks with
Voltage Source Converters (VSCs) have been the superla-
tive technology for long-distance RESs and transnational
power transmission systems [3]. Regardless, RESs inter-
connection with HVDC-links degrades the system inertia.
Furthermore, the intermittent power supply nature from the
RESs requires extensive and regular AC/DC power/voltage
management [4], [5].

A substantial measurement-index for supply/load balance
and management of an MTDC network is the DC voltage
stability. Wide-range studies have been conducted on the
load flow and steady-state/dynamic operation of MTDC sys-
tems [6]-[9]. Also, various DC voltage control schemes have
been proposed, via a hierarchical control structure, for the
power/voltage management of the MTDC network. Further
detailed elaboration about the development of the hierarchical
layers of MTDC networks is available in [5], [10]-[18].
Moreover, power flow control in transmission lines of MTDC
networks has been addressed in [19] and [20] by introducing
Flexible DC Transmission (FDCT) with high-power DC-
DC converters. The FDCT concept has been expanded in
[21] for multi-purpose power/voltage management of MTDC
systems (e.g., voltage level matching, line flow control, and
voltage boosting). Although several DC voltage control meth-
ods have been suggested in literature addressing the DC-
side stability of an MTDC system; however, a comprehensive
up-to-date review of these control methods has not been
presented.

This paper aims to present a comprehensive performance
assessment of various DC voltage control methods in MTDC
networks. A generalized classification of the DC voltage
control techniques in an MTDC system is presented in Fig. 1.
The DC voltage control methods are classified into con-
ventional control (i.e., reference voltage-based control) and
non-conventional control (i.e., virtual resistance-based con-
trol) methods. This paper presents and assesses several
control schemes based on their design approach and steady-
state load flow performance while focusing on the DC-
side operation. The performance evaluation is verified with
a 4-terminal MTDC network. Each approach’s merits and
demerits are evaluated and presented from the perspective of
normal system operation and stable post-contingency oper-
ation. A graphical illustration of the paper is presented in
Fig. 2. The contribution of the paper can be shortlisted as
follows.
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TABLE 1. Summary of decentralized control layers in MTDC networks.

Control Layer Decentralized Layers
Outer Controller Inner Controller
Functions/ General DC Control Synchronize the VSC
Objectives Modes: Power, Voltage, Voltage with the AC
and/or Current Control. Grid.
-Respond to Power Imbalance Locally.
-Saturate Power and Current for VSC Limitations.
-Independent Active and Reactive Power Control.
Construction Vector Control, PI Controller, and PLL.
Inputs -Vpc and Pp. -ig, Ugs las ig» Va» Vg» @
-Control Characteristics. and Ly.
Outputs igand ig. viq and v{ .
Communication Possible Required (Based on Outer Control Scheme).

Time Constant Tens of Milliseconds.

Where PI refers to Proportional-Integral, PLL refers to Phase-Locked
Loop. V¢ and Pp. are the reference DC voltage and power, respectively,
of the VSC. ig, ig, v{4, and v, are the reference AC current and voltage
of the VSC in the dq frame. v, and v, are the AC grid voltage in the dg
frame. w and L; are the AC grid angular frequency and line filter,
respectively.

e Provide a comprehensive background of different
DC voltage control methods, conventional and non-
conventional-based, for an MTDC network.

« Investigate the design approach and steady-state perfor-
mance of DC voltage controllers in an MTDC network.

o Conduct a performance assessment among the entailed
DC voltage control methods for an MTDC network,
considering case studies.

The structure of the paper is as follows. Section II gives
an overall view of the MTDC network’s control structure.
Section III presents conventional-based DC voltage control
techniques in MTDC networks. Section IV presents non-
conventional-based DC voltage control methods in MTDC
systems. Section V delivers case studies for the presented
control methods. Section VI presents an evaluation and per-
formance assessment of the covered DC voltage controllers.
Finally, section VII gives an overall summary of the presented
work.

Il. MTDC NETWORKS: UNIVERSAL CONTROL STRUCTURE
A. HIERARCHICAL CONTROL LAYERS

The general structure of an MTDC system and its hierar-
chical control layers are presented in Fig. 3, considering
the Wind-Side Converters (WSCs) as rectifiers, while the
Grid-Side Converters (GSCs) as inverters. The lack of inertia
in MTDC systems results in fast DC voltage fluctuations.
Therefore, during disturbances (e.g., RESs supply variations,
line/converter outages, and/or faults), fast action controllers
are required [10]. The universal proposed control layers of
MTDC systems consist of high-level or centralized control
layers (i.e., supervisory and tertiary layers) and low-level
or decentralized control layers (i.e., outer and inner con-
trollers) [5], [10]-[18]. A summary of the control layers
is presented in TABLE 1 and TABLE 2 [5], [10], [13],
[18], [22]-[24].
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FIGURE 1. Classification of the DC voltage control in an MTDC system, where the abbreviations stand for the following: Master/Slave (M/S), Voltage
Margin (VM), Transmission System Operator (TSO), Flexible DC Transmission (FDCT), Optimal Power Flow (OPF), Minimum Transmission Loss-based
Droop (MTLD), TSO-based Droop (TSOD), Available Headroom-based Droop (AHD), Loading Factor-based Droop (LFD), Fixed Rating-based Droop (FRD),

and Ratio Priority-based Droop (RPD).
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FIGURE 2. Graphical diagram of the paper flow.

B. OPERATIONAL ISSUES AND CONSTRAINTS
The load flow balance is essential for stable MTDC system
operation. However, with the intermittent characteristics of

the RESs, it is difficult to evade unbalanced events as 100%
forecasting accuracy cannot be guaranteed [25]. In such a
case, energy storage can be considered for deployment to
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FIGURE 3. MTDC network configuration with a hierarchical control structure, where P,;, V,,;, and I,,; are the DC power, voltage, and current, respectively,

;th H . .
of the i WSC, while Pgj. Vgj: lgj

Vgj» Igj and K; are the DC power, voltage, current, and droop gain, respectively, of the jth Gsc.R,,; and Rg; are the resistance of

the DC transmission line connected to the it WSC and jth GSC, respectively. Ry is the resistance of the DC transmission line that carries the total power

received from the WSCs.

TABLE 2. Summary of centralized control layers in MTDC networks.

Centralized Layers
Secondary Controller Tertiary Controller

Control Layer

Functions/ -Update Py based on
Objectives the Tertiary Layer. Schedule Pj, based on
-Restore Power Balance . .
. Economical, Technical,
after a Disturbance.
. and/or TSOs
-Validate Requirements
Measurements. 4 ’
-OPF.
Construction Centralized SCADA. Global SCADA.
Inputs -Conductance Matrix of the MTDC System.
-Measurements from the Decentralized Layer.
-Operating Constraints
from TSO of MTDC Operating Constraints
System. from TSOs of AC Grids.
-Ppe.
Outputs V5¢» Ppe, and/or Control B N
Characteristics. Voc and/or Ppc.
Communication Required. Required.

Time Constant Tens of Seconds. 20 Minutes to 1 Hour.
Where SCADA refers to Supervisory Control and Data Acquisition.

evade the deviation between the generation and demand [25].
Nevertheless, this is an expensive solution for mitigating the
forecasting error. Another approach for achieving the balance
between the generation and load in a short time is the opti-
mization of the deviated power delivery to an alternative load
with the lowest market price [25].

The general required constraints of the hierarchical control
layers for an MTDC network are shown in Fig. 4. Well-
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FIGURE 4. General constraints of the hierarchical control layers in an
MTDC network.

coordinated DC voltage control attains balanced power flow
among the GCSs in an MTDC network. Excessively high-
level voltages above the nominal network voltage may cause
activation of the protective equipment (e.g., DC damping
resistors). Meanwhile, voltage deterioration to low-levels
may limit controllers’ capabilities [26], [27]. To overcome
the DC over-voltage, some approaches have been proposed
as the local DC chopper installation in the MTDC grid and/or
power reduction of wind turbines in the case of wind farm-
connected RESs through local control and/or fast commu-
nication [28]. A generic protocol for DC voltage control
design includes two main aspects: reliability during sys-
tem disturbances (i.e., autonomous control action) and sys-
tem/equipment constraints (e.g., converter and line ratings)
[24], [29]. In addition, the allowed standard operating-range
of DC grid voltages is set between +5% to £10% of the nom-
inal network voltage [13]. Furthermore, an additional prefer-
able protocol is to operate the MTDC system at the highest
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FIGURE 5. Characteristic curves for the M/S control, where Vpc gjqck is
the reference DC voltage for the master converter, and Pp¢ g/qye is the
reference power for the slave converter.

allowed DC voltage (i.e., reduced transmission losses) for
OPF and economic benefits [14], [30], [31].

In this paper, the common proposed DC voltage control
techniques in the literature are classified into conventional-
based control (i.e., reference voltage-based control) and
non-conventional-based control (i.e., virtual resistance-based
control) methods, as shown in Fig. 1. Further details are
presented in the subsequent sections.

Ill. DC VOLTAGE CONTROL CATEGORIZATION:
CONVENTIONAL METHODS

A. MASTER/SLAVE (M/S) CONTROL

The M/S control scheme, also named as the centralized DC
slack-bus control, allows one VSC, the master converter,
to take the role of DC voltage control in constant control
mode, while the rest of the VSCs, slave converters, operate in
the constant power control mode, as elaborated in Fig. 5. The
master converter supplies or absorbs any power imbalance
of the entire DC network. Therefore, the power balance of
the system depends on the availability and capabilities of the
master converter [24], [26], [29]. In [6], a power flow solution
of an MTDC network with M/S control is presented. For an
MTDC network with m WSCs and n GSCs, with GSC1 acting
as the master converter, while the rest of the VSCs acting as
slave converters, then (1) must be guaranteed for balanced
power flow during any disturbance event.

n m
Poir =Y Po+ Y Pui (1
Jj=2 i=1

where Py, is the power rating of the ™ GSC (e.g., Pgy,r is
the power rating of GSC1).

This control scheme works well with a large MTDC
network under small power injection fluctuations, as demon-
strated in [32]. However, in large disturbance events, the mas-
ter converter may not restore the system balance due to its
power rating limitation. The master converter’s failure due
to an outage reduces this control scheme’s reliability dur-
ing critical situations [29]. Moreover, fast communication is
required between the master converter and slave converters
after a system blackout [33]. To avoid DC grid power flow
imbalance or outage due to the master converter power rating
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limitation or disconnection, a back-up converter is required to
take over the role of the DC voltage control. To achieve that,
the next control scheme was introduced.

B. VOLTAGE MARGIN (VM) CONTROL

The VM control technique is an enhanced version of the M/S
control scheme, such that, aside from the master converter,
the DC voltage control can be attained with an alternative
converter. This control scheme is activated when the master
converter violates its references DC voltage [24], [29], [34].
In this method, similarly to the M/S control, one converter
is responsible for the DC voltage control, while the rest of
the converters act in constant power control mode. However,
if the master converter cannot balance the power flow, another
converter takes the slack-bus role.

For example, consider a 3-terminal MTDC network
with VSC terminals GSC1, GSC2, and WSC1, where ini-
tially terminal GSC1 is the master converter, as presented
in Fig. 6 GSCI acts as the slack-bus as long as it does not
reach its maximum power injection limit. If GSC1 exceeds
its power injection limit in the inverter mode, then the ref-
erence DC voltage increases above Vijucx, g1, until reaching
the other converter’s reference DC voltage, Vick, g2, Which
will become the slack-bus. While if GSC1 reaches its max-
imum power injection in the rectifier mode, then the refer-
ence DC voltage, Viiack g1, is decreased until reaching the
reference voltage of WSC1, Ve, w1, and WSC1 will start
to act as the master converter. In (2), the 3-terminal MTDC
network operation is expressed in terms of the net power
flow.

If Vo1 = Viack,g1 .. Pgl,r = Pg2 + Py
If Vei < Vstack,g1 . Pwi,r = Pg1 + Pg2
If Vgl > Vslack,gl Pg2,r > Pgl +Pwl (2)

where P,; , is the power rating of the " WSC (e.g., Pyi,ris
the power rating of WSC1).

This control method’s main issue is controlling the DC
network voltage with a single converter through the slack-
bus swapping. In addition, the number of possible slack-buses
may be limited by the DC voltage operating range that is
+10% of the nominal network voltage [33].
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C. TRANSMISSION SYSTEM OPERATOR (TSO) CONTROL
The management of an MTDC network requires interaction
among different TSO entities for data exchange and power
flow coordination. Several possible TSO architectures may
exist for the operational responsibility of the MTDC grid,
such as independent, distributed, and integrated architectures
[5]. However, regardless of the TSO control architectures,
the power flow control in the MTDC grid can achieve a power
distribution based on the market economic interest, secure
contingency events, and/or optimized load flow [25], [35].

A smart approach of DC voltage control can offer sup-
plementary actions on the power flow, aside from secure
operation, that can optimize the load flow based on cer-
tain criteria and constraints. The Distributed Voltage Control
(DVC) technique allows multiple GSCs to share the respon-
sibility of DC voltage control based on the supplied reference
DC voltage from the secondary control layer [33], [36], [37].
DC power flow needs to be performed regularly to obtain
the required set-points. OPF is the common approach for the
DVC method.

The optimization process by the OPF of the MTDC system
includes presenting a mathematical representation of the sys-
tem, identify the variables and constraints that the network
must meet at all times, and define the system properties for
which the state of the optimization will be maximized or min-
imized [38], [39]. Several optimization techniques have been
proposed in the literature that can be classified as classical
and metaheuristics methods. Further elaboration about the
optimization methods is available in [38], [39], and [40].

The objective function that has been commonly employed
for MTDC grids is based on a combination of transmission
line losses, VSCs losses, and DC-DC converters losses min-
imization [19]-[21]. A high-power DC-DC converter can be
employed in MTDC systems for several purposes, as will be
elaborated in the next section. A general mathematical repre-
sentation for an optimization function and constraints can be
written as follows, in terms of the network DC voltages.

min F(Vpc) such that

N(Vpc) <0and

E(Vpc) =0 3
where F is the optimization return solution. Vp¢ is a vector
of the DC grid nodes voltage. N and E are the inequality and
equality constraint vector functions, respectively.

A summary of the optimization function and constraints
for an overall MTDC system is presented in (4)-(7).

Popj = P11 + Pysc + Ppc-pc “4)

where P,p; is the optimization function for the OPF of an
MTDC network. Py, is the transmission lines’ power losses.
Pysc is the VSCs power losses. Ppc—pc is the DC-DC
converters power losses.

!
Pr=) I} R, &)

i=1
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where [ is the number of DC transmission lines in the MTDC
grid. Ry is the DC line resistance. I, is the DC line current
flow.

4
Pysc = Y Pui+ Vvsc.ilac.i + Rysc.ilic
i=1

Pin,i
V3Vac,i

where P, is the no-load power losses. Vysc is the linearly-
dependent losses in Volt. Rysc is the quadratically-dependent
losses term in Ohm. The AC-side voltage and current flow
are represented by V¢ and I4c, respectively. Pj, is the input
power to the VSC. p = n+m (i.e., p is equivalent to the total
number of VSCs in the MTDC network).

(6)

and I4c,; =

Xmin EX EXmax (7)

where X = [Vpc., Ppc,Ipc,I]”. Ppc is a vector of the
VSCs injected/or received power. I pc is a vector of the VSCs
injected/ or received current. I, is a vector of the transmission
lines’ current flow. X4y and X, represent the maximum
and minimum ranges of the variable X, respectively.

The high-power DC-DC converters losses, Ppc—pc, can
be considered in a similar manner to the VSC, with a front-
to-front DC-DC converter (i.e., two VSCs) [21], [41].

For a radial MTDC network, based on Fig. 3, the con-
straints and Py, can be rewritten as follows.

m
Pro= (320 (Vai = V0?Gui) + (Vs = V)2Gr
n
2
+ (X, v verGg) @®
where Gwi = I/Rw,', Gg/' = 1/Rg/‘, and GT = 1/RT.
Vimin < Vbe < Vinax ©

where Vpc = [V, Viems Vs, Vi, Vi, o
Vmax = [1.05pu, ..., 1.05pu]”.
Vmin = [0.95pu, ..., 0.95pul”. Vyax and Vpip are of the
size m + n + 2, assuming operating the MTDC grid around
+5% of the nominal network DC voltage.

o Venll.

_PmaxEPDC fpmax (10)
where Ppc = [Pwlwuspwmapglv~'-»Pgn]T~ Ppax =
[Pw],ﬁ e Pwm,r7 Pg],r7 ey Pgn,r]T

_Imax leC flmax (11)
where Ipc = [1y1, - .., Lum, Iglv .- -sIgn]T~

Imax = [le,rv e :Iwm,rs Igl,rv e »Ign,r]T' Iwi,r and Igj,r

are the current rating of the /" WSC and j# GSC, respectively.

_IL,max = IL = IL,max (12)

where I, = [Lot, .-\ Lomo I7, Loty - oo In]l” . Ip max is @
vector for the maximum current rating of the DC transmission
lines with size n + m + 1.
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FIGURE 7. High-power DC-DC converter integration with a radial MTDC
network for FDCT and/or DC voltage level matching.

The load flow constraint of the radial MTDC network is as
follows.

m n
Vwi -V V= Vg/' Vs -V
() (2 -

i=1 j=1

D. FLEXIBLE DC TRANSMISSION (FDCT) CONTROL

The input or output power control of MTDC networks is
commonly achieved via the VSCs. While the power flow in
the transmission lines may not be controlled without external
equipment (e.g., DC-DC converter [19], [20], [21] and/or
interline DC power flow controller [42]). Therefore, FDCT
control has been introduced to MTDC systems via high-
power DC-DC converters to allow voltage level matching
among the different operating DC voltage systems, intercon-
nection between the different MTDC configurations, and/or
control the power flow in the DC transmission lines [21].
In [19] and [20], integrating a high-power DC-DC converter
into an MTDC system has been explored for transmission
loss minimization and power flow regulation, respectively.
In addition, in [21], the OPF in MTDC networks has been
investigated with a high-power DC-DC converter integration
while considering the DC voltage nodes enhancement, DC
voltage level matching, and flexible power transmission with
radial and mesh systems. The high-power DC-DC converter
can regulate the DC voltage drops in the MTDC network,
regardless of the RESs generation variations, to allow effi-
cient power transmission. That is, by regulating the DC
voltage at a critical node to the highest allowed operating
voltage, 1.05 pu, with respect to its base voltage [21]. A pos-
sible integration scheme of the high-power DC-DC converter
into a radial MTDC network is presented in Fig. 7, while
further details are available in [21]. For DC nodes voltage
enhancement, the high-power DC-DC converter gain, D, can
be controlled as follows [21].

v,
= ‘;’”’ for Ve = 1.05 pu Vt (14)

1143

where V,,; and V;;, are the output and input DC voltages of the
high-power DC-DC converter, respectively. ¢ refers to time.

IV. DC VOLTAGE CONTROL CATEGORIZATION:
NON-CONVENTIONAL METHODS

A. INTRODUCTION: VIRTUAL RESISTANCE CONTROL

For autonomous control action and condensed communi-
cation reliability, the DC voltage droop control has been

34460
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FIGURE 8. A general droop characteristic curve for a GSC.

introduced [6], [12], [13], [29], [41], [43]. To regulate the DC
voltage during a normal MTDC network operation, several
GSCs can be set to droop control mode for power imbalance
management with simultaneous GSCs’ control actions [27].
The DC power and voltage of the GSC varies based on
the designed droop characteristic (i.e., a virtual resistance
behavior) [10]. The power-sharing variations and DC voltage
differences among the GSCs, in an MTDC network, can
appear due to the DC lines resistances, droop gains, and/or
measurement errors [44]-[46]. The power flow formulation
of a droop-controlled MTDC network has been covered in [6].

The droop characteristic curve for a GSC in an MTDC
network is shown in Fig. 8. In case the converter reaches
its maximum converter rating due to system disturbance,
the control mode can move to the current limit mode.

For the radial MTDC network in Fig. 3, the GSCs-side
load flow equations can be rewritten in droop control mode
as follows, during steady-state operation, Vj € [1, ..., n].

Vgi = I4iK; + Vg and
Vgi = Vr — I4jRy; (15)

where Vg, is the no-load DC voltage of the DC grid.

m n
Vii — V. V, -V Vi—V,
ZMJFZ’ sLl 25— (1)
it Rwi = Ryj + K; Rr

While for droop-controlled GSC, the following is achieved.
Vi = Ver + (1/K))(Py; — Pg)) (17

where P*. is the reference DC power for the j GSC.

The DC voltage droop control is similar to the DVC
method in terms of distributing the DC voltage control
responsibility among several converters. Therefore, it is not
required for the converters to be oversized in terms of power
rating. It is also unnecessary to provide a back-up converter,
in contrast to the M/S and VM control techniques [18]. The
droop control can operate locally without communication via
the secondary control layer, with stable MTDC operation.
However, for OPF operation, the droop gains require regular
updates based on the accurate power input fluctuations from
the RESs [14]. Moreover, with decentralized droop control,
in case of line and/or converter outage, the post-contingency
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power flow does not follow the reference set points [18],
[24]. Another drawback of the droop control is that it does
not allow to operate in constant DC voltage or power control
modes during power flow fluctuation. However, this point has
been advised by a Generalized Voltage Droop (GVD) control
technique, which allows to alternate between the DC voltage
droop control, constant DC voltage control, and constant DC
power control modes [45].

Also, modified DC voltage droop control schemes have
been proposed, such as the dead-band and undead-band droop
control techniques [24], [29], [47].

The DC voltage droop control structure of an MTDC
system can be achieved with two approaches, centralized-
based, and decentralized-based control, as presented in the
next sections.

B. CENTRALIZED-BASED DC VOLTAGE DROOP CONTROL

The centralized-based DC voltage droop control method can
be considered an extension of the TSO control with an exter-
nal virtual resistance at the outer control layer as a propor-
tional controller for local DC voltage control action. The
droop gain of the j GSC can be calculated based on the
desired power flow objective (e.g., OPF for MTDC system
losses minimization as presented in section III-C), as follows.

Ve — VeL

K=

(13)

where V,; and I,; can be obtained by the OPF.

The update frequency of the droop gains can be controlled
by the OPF calculation. The droop gains can remain fixed
at the outer control layer unless the DC voltage exceeds the
specified limit. In that case, the optimization algorithm needs
to optimize the droop reference value under power injection
variations [6], [14]. In [11], a centralized-based DC voltage
droop control has been proposed. The droop gains are updated
regularly within a time interval of one hour with the MTDC
system’s objective and AC grid losses minimization. Hence,
the power and voltages of the MTDC network are regulated
without extensive communication among the control layers.
Similar studies of centralized-based DC voltage droop control
for MTDC systems have been presented in [12], [13], [14],
[17], and [48]. Moreover, several studies covered the design
of the droop gains for OPF and/or sub-optimal power flow
[30], [37], [49].

Another critical factor that can alter the droop gains’
updates by the OPF calculator is the unforced and/or forced
system parameter variations. This refers to the impact of the
RESs’ power variations and DC line resistances uncertainty
on the droop gain tuning, as unforced parameter variations.
In addition, the impact of the communication threats (i.e.,
cyber-attacks) on the adjustment of the droop gains, as forced
parameter variations. These issues have been tackled from
various points of view, including MTDC system stability and
economics, in [31], [41], [44], and [50]. However, in [41],
the impact of the unforced parameter variations in an MTDC
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network is observed considering the DVC approach rather
than the centralized-based DC voltage droop control.

C. DECENTRALIZED-BASED DC VOLTAGE DROOP
CONTROL

Local and fast autonomous control action on the DC voltages
of the MTDC system is essential to avoid triggering the
external protection equipment (e.g., damping resistors) and
elude system shut-down due to overrating operation. The
droop gain adjustment determines the power-sharing among
the GSCs. Identical droop gains result in an equivalent power-
sharing among the converters [51]. The computation of the
droop coefficient can be obtained for a fixed or adaptive
tuning [51]. Unlike the centralized-based DC voltage droop
control, this control approach relies on local signals with dis-
tributed data acquisition data structure [15]. The droop gain’s
tuning objective depends on the MTDC system requirements
and operating conditions, as elaborated in the next sections.
The droop gain design’s important aspects include ensuring
acceptable converter power margin usage, acceptable DC
voltage deviation, and stable MTDC system operation [52].

1) FIXED DROOP CONTROL (NON-VARIABLE GAIN)
Several types of fixed droop control have been proposed
based on single-update, or fixed, droop gains for MTDC
networks. Some studies have tackled the droop gain design
for issues such as AC and/or DC system dynamic stability
[53], [54], [55], frequency support [56], [57], and DC voltage
deviation [55], [58], [59]. The main objectives of the fixed
droop gain tuning, for steady-state MTDC system stable
operation, have been the converters’ rating limitation (Type
1), power flow, and power-sharing control among converters
(Type 2), and DC transmission lines losses minimization
(Types 3). These three types are elaborated below.

Type 1: Fixed Rating-Based Droop (FRD) Control

In the case of unequal GSCs rating, the power-sharing
among the converters can be adjusted to allow the highest
rated converter to share more power compared to the rest of
the converters [51], [56]. This is achieved by the FRD control,
which imposes an inverse proportional relationship between
the droop gain and power rating of the respective converter,
as shown in (19) and (20) [56]. If it is desired to limit the
converter rating usage to a specific ratio, the term Reserved
Power (RP) in (20) can be increased to reduce the converter’s
power-sharing contribution.

n
Za =1 Ha
KO — g0 47T (19)
J J fL
Hj = Pgj» — RP; (20)

where RP; is the reserved power (MW) of the j”’ GSC. H; is
the available power rating of the j GSC. Kj(tO) is the initial
droop gain of the j# GSC, such that K I(IO) = Kky;.

An alternative possible mathematical calculation for
the FRD control, with less computational parameters, is

34461



IEEE Access

S.S. Sayed, A. M. Massoud: General Classification and Comprehensive Performance Assessment of Multi-Objective DC Voltage Control

presented in (21).

yMR
H;

where MR = max(Pg; ) is the maximum power rating

among the GSCs.

Regardless of the RESs variations or MTDC system dis-
turbances, the droop gain Kj(t) in (19) or (21) remains fixed
at all times for all the GSCs. Therefore, the FRD control
scheme can raise issues regarding the converter overloading
and DC voltage rating violation [60]. If the GSC reaches the
maximum power rating or DC voltage limit, then the control
mode shifts from the DC voltage droop control mode to the
constant power control mode or the constant DC voltage
mode.

Type 2: Ratio Priority-Based Droop (RPD) Control

The power flow of the MTDC system has continuous fluc-
tuations due to the nature of the RESs. The power variations
received by the onshore AC grids (i.e., GSCs) can be imposed
on restrictions by the TSO, such that some AC grids can have
power-sharing priority over the other AC areas [24], [61].
The RPD control establishes a power ratio for the droop-
controlled converters to share the generated power based
on the set ratio. Therefore, a ratio tuning factor, r, can be
introduced to the GSCs droop gains to control the power-
sharing based on the desired power flow. For a case of two
GSCs in a radial MTDC network configuration, as in Fig. 3,
the droop gains computation with RPD control is obtained for
a power-sharing ratio, r, as shown in (22)-(25). The load flow
at the GSCs can be written as follows.

() _ g0
K =K @

ng = Vgl +Rgllgl - Rg2[g2 (22)
Kol — Kilgt = Rglgt — Reol (23)

The power-sharing ratio between GSC1 and GSC2 can be
written as follows.

P I R K
Po _In _Ro+Ko (1)
Pgp I Re + K
The droop gains of the two GSCs can be computed based
on the assigned power-sharing ratio as follows.

1
Ky = - [(Re2 + K2) — 1Rq1]
1
Ky=r |:(Rg1 + K1) — ;Rg2:| (25)

The ratio, r, can be permanent for a fixed droop gain oper-
ation. The adjustment of the ratio requires communication
among the AC grids for the power-sharing rearrangement
agreement. Also, to vary the power flow at the GSCs side,
the droop constant can remain constant on one of the GSCs
while it changes at the other one based on the desired power-
sharing ratio. The RPD control’s possible operational issues
are similar to the FRD control due to the droop gains’ static
nature in both control schemes during the MTDC system
operation. However, additional issues can be encountered due
to the power-sharing ratio’s update requirement [33], [62].
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Such issues are the communication requisite, complication in
analytic expression with MTDC network expansion, instabil-
ity with ratio variations, and ratio uncertainty with unforced
system variations (e.g., DC transmission line resistances).

Type 3: Sub-Optimal Minimum Transmission Loss-
Based Droop (Sub-Optimal MTLD) Control

The transmission loss minimization in an MTDC network
can be achieved by the OPF calculator at the secondary
control layer. Nevertheless, this idea has been expanded to
radial MTDC network structures with the operation of solely
the decentralized control layer by deploying the DC voltage
droop control with proper droop gain turning. As long as the
power-sharing among the GSCs is inversely proportional to
their respective DC transmission line resistances, the con-
dition of minimum power transfer is achieved (under static
MTDC system operation), as shown in (26) for two GSCs
[49], [63].

Pa _ln_Re K
P g2 I g2 Rgl K

This expression can be easily expanded for multiple GSCs
in a large radial MTDC system [21], [30], [31]. However,
under the unforced system moderate variations (i.e., DC
transmission lines uncertainty and/or power injection varia-
tions), the tuned droop gains will achieve sub-optimal power
flow. A communication interface with the secondary control
layer will be required to update the droop gains and achieve
the OPF for minimum power loss under system disturbance.
The fixed droop gain for sub-optimal MTLD control for a
radial MTDC can be obtained as follows.

T
Kj = [(sRg) = Ver ] [ITR;‘Rg] @7

(26)

n Vga n r T
I, = Z iRy = (ZRga> (28)
a=1"84 a=1

This droop gain design allows the GSC with less distance
from the WSCs to share more power compared to the other
GSCs.

The fixed droop control design under system disturbances
needs careful consideration [60], [64]. In the next section,
the adaptive droop control has been introduced with local
adjustable droop gains.

2) ADAPTIVE DROOP CONTROL (VARIABLE GAIN)

To accommodate the different operating conditions of the
MTDC system, the adaptive DC voltage droop control has
been introduced with a variable droop gain in an autonomous
decentralized mode (i.e., without/or with reduced communi-
cation interface requirement). The outer and inner controller
structure of a VSC with the DC voltage droop control is
represented in Fig. 9, considering both the fixed and adaptive
droop gain approaches.

With the adaptive droop gain, it is expected to have vari-
ations on the converter occupancy through the time in an
MTDC system due to the power injection fluctuations and/or
system disturbances. Consequently, the power-sharing at the
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FIGURE 9. The outer and inner controller structure for a VSC with
fixed or adaptive DC voltage droop control, where the DC voltage and
power can be the GSC terminal DC signals.

GSCs will have continuous variations based on the adjusted
droop gains. The droop gains tuning can impact the utilization
of the converters’ capacity, the DC voltages deviation, and the
onshore AC grids frequency, which need to be limited within
the constraints. The following adaptive droop gain tuning
types have been introduced for converter capacity utilization.

Type 1: Available Headroom-Based Droop (AHD) Con-
trol

In the case of a converter operating near its active power
limits, it is preferred to reduce its power-sharing not to hit the
limits. The AHD control can achieve this through appropriate
droop gain turning while respecting the Available Headroom
(AH) of the converters. The AH of the j# GSC can be
expressed, as shown in (29).

—1
AHJ(.’) =Py, — P;fi ) (29)

where Pg;l) is the power occupied by the j GSC before the
disturbance.

The converters of a higher AH will share more power
compared to the converters of a lower AH to avoid control
mode change from DC voltage droop control mode to con-
stant power control mode. To achieve the AHD control, it is
required to have an inverse proportional relationship between
the droop gain and the AH of the respective converter. Several
mathematical expressions have been presented in the liter-
ature to achieve this relationship for the AHD control [51],
[56], [60], [64]. As have been pointed out in [60], the works
[51], [56], and [64] attains the required relationship for AHD
control for a single-disturbance event. However, with con-
tinuous/consecutive power disturbances, the presented AHD
control methods do not consider the converter power limits.
A droop gain perturbation technique has been presented in
[60] for AHD control, such that considering the adaptive
droop gain design during continuous power disturbances for
constrained MTDC system operation, with the droop gain
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design presented in (30).

o
MR
AH;

where AKj(t) is the perturbation factor based on [60]. « = 0.5
for smooth droop gain transition.

Another study has taken into consideration the reactive
power capacity of the converters, in addition to the active
power, for the AHD control (i.e., unified AHD control for
single-disturbance event), as presented in [65].

Type 2: Loading Factor-Based Droop (LFD) Control

The LFD control goal is to reduce the loading stress on
the converters, which is of a similar objective to the AHD
control. In this control type, the term Loading Factor (LF) is
introduced to tune the droop gains based on the converters’
loading capability. For the j# GSC, the LF can be expressed
as follows.

Pgj
LF; = x 100% 3D
Py r
This control method allows to adaptively control the
power-sharing among the GSCs based on the LF, such that the
GSC with the lowest LF will have the highest participation
in the power-sharing. This concept has been presented in
[60], for consecutive power disturbances, with a mathemat-
ical expression, as shown in (32), in addition to a droop gain
perturbation technique. Further details are available in [60].

- ()
O _ glo),, &
K= Ky Y )
a=1 2" 87"
n (=1
ZS = 1 (Pgs,r+Pgs )
where y; = lal for n GSCs.

Py +PYD

The centralized-gl;aseél DC voltage droop control can also
achieve the aforementioned droop control objectives; how-
ever, with a fast communication-link necessity between the
secondary control layer and the decentralized control layers.

The DC voltage deviation is an essential factor for DC-side
stability. Therefore, some studies have presented the adaptive
droop gain design for the objective of DC voltage deviation
minimization during the MTDC system disturbances [64],
[66]. While for the AC-side stability consideration, the adap-
tive droop gains design for frequency margin control has been
covered in some studies [56], [57], [67].

The adaptive droop gain can satisfy both the power and
voltage constraints of the MTDC systems for any post-
contingency operation with proper droop gain tuning. How-
ever, it is essential to highlight the prominence of the MTDC
control system’s stability analysis, which is out of the paper’s
scope.

V. CASE STUDIES: RESULTS AND DISCUSSION
In this section, case studies are presented for the DC volt-
age control methods covered in the previous sections. First,
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FIGURE 10. A 4-terminal radial MTDC network with its equivalent DC
circuit representation in a steady-state condition.
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FIGURE 11. n-section DC equivalent circuit for an HVDC transmission line.

the MTDC system modeling is covered, then the case studies
result and discussion are presented.

A. SYSTEM MODELING

1) CONVERTER MODELING

A 4-terminal radial MTDC network, 400 kV DC-link voltage,
is used to apply the DC voltage control methods, as shown
in Fig. 10. The network consists of two WSCs connected
to wind farms and two GSCs connected to AC grids. The
WSCs supply the AC grids with the maximum available
power through the radial MTDC interconnection.

2) DC LINE MODELING

The HVDC transmission lines can be represented by a -
section equivalent model [23], [68], [69], as shown in Fig. 11.
The terminal voltages’ dynamics and the current through the

series impedance for the w-section in Fig. 11 are represented
by (33).

Vs = Ceq1" (is — iyr)
V'r = CquT(isr + ir)
isr = LT (—Rygrisr + vs — ) (33)

where Cpq1 = C1 + Csand Cppp = C2 + C,.

The results section’s focus will be on the steady-state
behavior of the MTDC system with the different DC voltage
control approaches.

3) SYSTEM PARAMETERS AND CONSTRAINTS
The DC line data and system rating of the radial MTDC
network in Fig. 10 are available in [60]. The main system
parameters are presented in TABLE 3.

The network’s DC voltage constraint is as follows.

380 kV < Vpc <420 kVV Nodes (34)
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TABLE 3. Parameters of the 4-terminal radial MTDC network.

Parameter Value

DC Line Resistance R, 1Q
Ry 1.5Q
R 20
Ry1 1.20
R 0.8 Q

g2
Puir 500 MW
P,,, 500 MW

WSC Power Rating

GSC Power Rating Py, 300 MW
Pgar 500 MW
DC-Link Voltage Var 400 kv

where Vpc is a DC voltage node in the radial MTDC system,
such that 380 kV refers to 0.95 pu while 420 kV refers to
1.05 pu.
The converters’ power constraints are as follows.
—500MW < P,1 <0
—500 MW < P,» <0
0 < Py <300 MW
0 < Py < 500 MW (35)

The converters’ current constraints are as follows.

—1250A < 1,1 <0
—1250A < I, <0
0<Iy <750A
0<Ip <1250 A (36)

While the constraint of the line current flow, I;, is as
follows.

0 <1 <2500 AV lines 37

4) NORMAL AND ABNORMAL SYSTEM OPERATION

The power injection by the WSCs may fluctuate due to the
nature of the RESs. Therefore, the MTDC system needs to
adjust the power flow based on unexpected power variations.
In this section, the presented case studies consider both the
normal system operating (i.e., fixed power injection) and
abnormal system operating (i.e., power injection variations)
conditions.

To obtain and maintain efficient power transfer in the radial
MTDC network, Fig. 10, it is possible to operate the system
at the highest allowed DC voltage level with the condition
presented in (38) [21].

Vip = 1.05S VIVP s 1.
min(Vy) = Vy,, — max(lypRyp) and
095pu<V,; <1.05puV i=1,2,....,m. (38)

where V,,,, I, and Ry, are the DC voltage, current, and
line resistance of the WSC p that has the highest line voltage
drop compared to the rest of the WSCs. P;y; is the total power
injected by the WSCs as follows.

Pipj = Py1 + Py2 (39)
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In the following sections, the conventional and non-
conventional DC voltage methods are applied for the radial
MTDC network, Fig. 10, considering: (1) constant power
injection by the WSCs (i.e., normal network operation) and
(2) considering power input variations by the WSCs (i.e.,
abnormal network operation). The MTDC system operates
at normal operating conditions between 0 sec to 1 sec,
while the system operates in abnormal operating condi-
tions between 1 sec to 13 sec with consecutive power
disturbances.

B. CASE 1: CONVENTIONAL METHODS (NON-DROOP
CONTROL BASED)

The results of Case 1 entail the following conventional
DC voltage droop control method: M/S control (Scenario
1.1), TSO control (Scenario 1.2), and FDCT control (Sce-
nario 1.3).

1) SCENARIO 1.1: M/S CONTROL

In this scenario, the master/slave control is applied for the
DC voltage control of the radial MTDC network, Fig. 10. The
WSC?2 operates as the master converter (i.e., DC voltage con-
trol mode). While WSC1, GSC1, and GSC2 operate as slave
converters (i.e., constant power control mode). The known
variables, NV, and unknown variables, UV, for the DC load
flow of the system are as follows. The input of the load flow
is NV = {Py1, Pg1, Pg2, Vini}. Vini is the initial value of the
network’s DC voltages with the assumption V;,;; = 1.05 pu
(i.e., Vini = 420 kV) for all the nodes, and this assumption is
considered for all the upcoming scenarios. While the output
of the load flow is UV = {Py, Vi1, Via, Vs, Vi, Vi1, Vo .
The results of Scenario 1.1 are presented in Fig. 12.

Fig. 12(a) shows the system operation during normal net-
work operation, which shows constrained load flow. While
Fig. 12(b)-(d) show the system behavior during consecutive
power disturbances. The total power injection from the WSCs
is approximately between 300 MW and 550 MW. The con-
verters’ power rating and DC voltages are within the allowed
operating range. It can be seen that when WSC1 produces a
power less than the required amount by the GSCs, then the
master converter, WSC2, adjusts its power injection based on
the requirement from the AC grids, as shown in Fig. 12(b)
while preserving its DC voltage, V,,», within the allowed
operating range. The total power losses due to the DC trans-
mission lines resistances are presented in Fig. 12(d), which is
based on (8).

2) SCENARIO 1.2: TSO CONTROL (OPTIMAL POWER FLOW)

This scenario considers adjusting the OPF in the MTDC
system for minimum transmission losses. The WSCs act in
constant power control mode while the GSCs operate in DC
voltage control mode, such that the DC voltages’ references
are updated regularly by the secondary control layer. The
voltage reference update occurs in the incidence of input
power disturbance with the optimization objective presented
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FIGURE 12. The voltage and power results of the M/S control (i.e.,
Scenario 1.1) (a) During normal network operation (b)-(c) During
abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

in (3) and (8). Also, the optimization constraints are pre-
sented in (7) and (9)-(13). The Matlab Optimization Toolbox,
in particular fimincon, has been applied for the optimization
process, as elaborated further in [21]. Moreover, to obtain
efficient power flow, the WSC2’s terminal DC voltage is
assigned to 1.05 pu, based on the condition presented in
(38). In this scenario, the input of the network’s load flow
is NV = {Py1, Pw2, Vw2, Vini}. While the output of the
network’s load flow is UV = {Vy1, Vi, V,, Vg1, V2. The
results of Scenario 1.2 are displayed in Fig. 13.

The MTDC system operation during normal operation
is presented in Fig. 13(a), which shows constrained power
flow with equivalent GSCs’ terminal DC voltage, Vo1 =
Vg2, (i.e, the condition of transmission loss minimization is
achieved [21], [30], [49]). The GSC with less transmission
line resistance shares more power compared to other GSCs,
for transmission loss minimization. In this case, based on
the aforementioned condition, the GSC2 shares more power
compared to GSCI1. In the event of consecutive power distur-
bances, as presented in Fig. 13(b)-(d), the GSCs’ terminal DC
voltage remains equivalent at all times, as shown in Fig. 13(c),
while the GSC2 continuously has the highest share of power,
as displayed in Fig. 13(b). The total power injection from
the WSCs is between 400 MW and 700 MW. The WSC2’s
terminal DC voltage remains operating at 1.05 pu, through
all the times, for efficient power transfer. Overall, the results
of the OPF are within the grid’s limits.
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FIGURE 13. The voltage and power results of the TSO control (i.e.,
Scenario 1.2) (a) During normal network operation (b)-(c) During
abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

3) SCENARIO 1.3: FDCT CONTROL (DC VOLTAGE
ENHANCEMENT)

In the aforementioned scenarios (Scenario 1.1 and Scenario
1.2), the power flow in the MTDC system is controlled by
the WSCs and GSCs. Meanwhile, the power flow through
the DC lines’ interconnection depends solely on the lines’
resistances. The power flow control in the DC lines requires
incorporating an additional element, such as a high-power
DC-DC converter, as in FDCT control. In this scenario,
the high-power DC-DC converter is introduced at the longest
DC transmission line of the radial MTDC network, Fig. 10,
for DC voltage enhancement at the GSCs-side. Besides, this
scenario considers the OPF (i.e., transmission loss minimiza-
tion) and efficient power transfer conditions, similarly to
Scenario 1.2.

The modified radial MTDC network with a lossless high-
power DC-DC converter, during normal network operation, is
presented in Fig. 14(a). The known and unknown variables for
the load flow are as follows. NV = {P,,1, Pw2, V2, Vi, Vini}.
UV = {Vy1, Vs, Vix, Vi1, V2 }. Where Vi, and V, are the
input and output voltages of the DC-DC converter, respec-
tively. Based on the condition presented in (14), the output
of the DC-DC converter, V,, is supposed to be enhanced
to 420 kV. The results of Scenario 1.3 are shown in Fig.
14. While the base values for the power, voltage, current,
and DC line’s resistance are presented in TABLE 4. Further
information about the base values calculations with high-
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FIGURE 14. The voltage and power results of the FDCT control (i.e.,
Scenario 1.3) (a) During normal network operation (b)-(c) During

abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

TABLE 4. Base values of the modified radial MTDC network (Fig. 14(a)).

Parameter Viase Rpase1 Ipasen Ppase
Value 400 kV 320 Q 1250 A

Parameter Vpasez Rpase? Thase2 500 MW
Value 40@“ 324.029Q 1242204 A

Where Vygse1, Rpases, and Ipgse1 are the base voltage, resistance, and
current for the input-side of the DC-DC converter. Vygse2, Rpgse2, and
Ipase,2 are the base voltage, resistance, and current for the output-side of the
DC-DC converter. Py, is the base power of the MTDC system.

power DC-DC converter incorporation in a radial MTDC
network is available in [21].

As shown in Fig. 14(a), the power injection from the WSCs
is the same profile as in Scenario 1.2. It can be seen from Fig.
14(c) that the output of the DC-DC converter is maintained at
1.04345 pu, that is 420 kV based on Vjgse 2, through all the
consecutive power disturbances. While the GSCs’ terminal
DC voltages are equivalent for minimum transmission losses.
The power losses presented in Fig. 14(d) are based on the
following expression.

2
P = (Zizl (Vi — Vx)szi> + (Vs — st)zGT

+ (Z; = vgj)ZGg,») (40)

It can be seen that the GSCs’ terminal DC voltages have
been improved compared to Scenario 1.2 due to the inte-
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gration of the high-power DC-DC converter. For example,
during normal network operation, the GSCs’ DC voltages are
419.546 kV in Scenario 1.3, while they are 416.923 kV in
Scenario 1.2.

In Scenario 1.3, the MTDC system operates within the
allowed voltage, current, and power operating ranges.

C. CASE 2: NON-CONVENTIONAL METHODS (DROOP
CONTROL-BASED)

In the second case, the results of the following DC voltage
droop control methods are presented and discussed: FRD
control (Scenario 2.1), RPD control (Scenario 2.2), Sub-
optimal MTLD control (Scenario 2.3), MTLD control (Sce-
nario 2.4), AHD control (Scenario 2.5), and LFD control
(Scenario 2.6). In all the subsequent scenarios, the WSCs
act in the constant power control mode, whereas the GSCs
operate in the DC voltage droop control mode. The power
distribution among the GSCs depends on the assigned droop
gains.

1) SCENARIO 2.1: FRD CONTROL (FIXED GAIN)

In this scenario, the droop gains are designed for the objective
of power-sharing among the GSCs based on the GSCs’ power
rating (i.e., the GSC with the highest power rating will share
more power compared to the lowest rated GSC). The droop
function presented in (19) is used to acquire the droop gains
while considering H; = Pg; ,Vj (i.e., assuming RP; = 0 in
(20)). The initial droop gain, Kj(m), is assumed 5 QVj, and
the operation of the radial system based on this adjustment is
presented in Fig. 15(a). To achieve the FRD control, based on
(19) and (20), the droop gains are adjusted to Kl(t) =8.333Q
and Kg) = 3QVr # 0 sec (i.e., for Isec <t < 13sec).

In this scenario, NV = {Pwl, P2, Vini, Kft), Kz('), K,-,,,-}
and UV = {Vi1, Vuo, Vi, Vi, Vg1, Vo ). Where Kiyi =

K 1("’), 1(2([0)]1 is the initial droop gains. The total power
injected by the WSCs, Pjy;, is in the range between 400 MW
and 700 MW, and the same power injection profile is consid-
ered for all the succeeding scenarios.

The results of the network, during normal and abnormal
operation, with FRD control, are presented in Fig. 15. The
normal operation result considers the adjustment of the droop
gains to the initial value. While in the case of consecutive
power disturbances, as shown in Fig. 15(b)-(d), the power
change in GSC2 is higher than the changes in GSC1. Since
the rating of GSC2 is 500 MW while the rating of GSC1 is
300 MW, as presented in TABLE 3, therefore, the droop gain
of GSC2 is lower than GSC1, Ki < K" (i.e., GSC2 is
allowed to take more power compared to GSC1). During the
maximum power injection from the WSCs (i.e., 7 sec <
t < 9 sec), the GSC2 is almost fully loaded and operating
near its maximum power rating. In general, the radial MTDC
network operates within its limits, as presented in Fig. 15,
and the transmission losses in this scenario are presented
in Fig. 15(d).
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FIGURE 15. The voltage and power results of the FRD control (i.e.,
Scenario 2.1) (a) During normal network operation (b)-(c) During

abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

2) SCENARIO 2.2: RPD CONTROL (FIXED GAIN)

This scenario considers the droop gain design with a pre-
defined power-sharing ratio among the GSCs. The ratio gives
priority to particular GSCs in terms of power participation.
In a radial MTDC network with two GSCs, the droop gains
design is based on solving the two equations in (25) for
the droop gains. The presumed ratio, r, among the GSCs is
to allow GSC1 with 30% power participation compared to
GSC2 (i.e., Pg1 = 30%Pg). Therefore, based on (24), the
ratio, r, is taken as 0.3. The obtained droop gains for the GSCs
is as follows, K{” = 2.6672 and Ky” = 0.3652V7. The fol-
lowing is considered: NV = {Pwl, Puo, Vini, Kf’), Kz(t), r}
and UV = {Vy1, Viua, Vs, Vi, Ver, Vo .

The results of the system during normal operation are
presented in Fig. 16(a). It can be seen that GSCI receives
only 30% of the power received by the GSC2. Meanwhile,
as shown in Fig. 16(b)-(d), the GSC1 and GSC2 continuously
receive the power based on the specified ratio during the
consecutive power disturbances during the abnormal network
operation. It can be seen that during the maximum power
injection from the GSCs, the GSC2 exceeds its power rating
limit, as shown in Fig. 16(b) at 7 sec < ¢t < 9 sec. This
is due to the fixed droop gain nature of the RPD control,
such that it does not consider the GSCs’ rating. The DC volt-
ages of the network are within the permitted limits, and the
transmission power losses of the radial network are presented
in Fig. 16(d).
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FIGURE 16. The voltage and power results of the RPD control (i.e.,
Scenario 2.2) (a) During normal network operation (b)-(c) During
abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

3) SCENARIO 2.3: SUB-OPTIMAL MTLD CONTROL (FIXED
GAIN)

To achieve minimum transmission losses in a radial MTDC,
the droop gains need to be inversely proportional to their
respective GSC’s current and power flow. The droop gains
in this scenario are designed based on (26)-(28), which can
be rewritten as follows for two GSCs [30], [49].

R
Iy = ih
Rgl +Rg2
and Ip» Ra (41)
= ———Ir
& Rgl +Rg2

The droop gains for minimum power losses can be com-
puted by (15), (18), and (41). The droop gains are derived
as follows. The resultant droop gains are K l(t) = 44.411Q
and K" = 29.607QV1, this is while considering the fol-
lowing operating-point: V,,» = 1.05 pu, P,,; = 200 MW,
and Py, = 200 MW (i.e., considering the minimum total
power injection). Accordingly, the total current injected by
the WSCs, Ir, is 952.7 A. This design operating-point is
considered for the system during normal network operation,
as presented in Fig. 17(a). It can be seen that the system
operates within its allowed limits.

In the case of consecutive power disturbances, abnormal
network operation, with the same droop gains setting V7 (i.e.,
fixed gains), the NV and UV are as follows.

NV = {Pwl, Pua. Viin K, Ké’)} .
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FIGURE 17. The voltage and power results of the Sub-Optimal MTLD
control (i.e., Scenario 2.3) (a) During normal network operation (b)-(c)
During abnormal network operation (i.e., consecutive power

disturbances) and (d) Transmission power losses during abnormal
network operation.

uv = {lea Vw2, Vs, Vi, Vgla Vg2} .

The results of the abnormal operation are presented in
Fig. 17(b)-(d). The GSCs’ received power is within the
allowed rating; however, during 1 sec < ¢t < 11 sec,
all the DC voltages of the network exceed the permitted
limits above +5% of the network no-load voltage. It can
be seen from Fig. 17(c) that the terminal DC voltage of
WSC2 reaches a maximum of 1.0859 pu (i.e., 434.377 kV),
and this may lead to infrastructure damage. In this scenario,
the droop gains maintain OPF for the design operating-point,
while they maintain sub-optimal power flow in the case of
deviating from the design operating-point. The GSCs’ DC
voltages are equivalent during all the times due to sub-
optimal power flow. As shown in Fig. 17(d), the resulting
transmission losses in this scenario are lower than those of
Scenarios 2.1 and 2.2.

4) SCENARIO 2.4: MTLD CONTROL (ADAPTIVE GAIN)

To achieve OPF with minimum transmission losses, at all the
times during the consecutive power disturbances, the droop
gains must be updated at each disturbance event. In this
scenario, the droop gains adjustment during the normal
network operation is similar to Scenario 2.3, as shown
in Fig. 18(a). Therefore, similar results are obtained
in Fig. 18(a) and Fig. 18(a). However, in the case of abnor-
mal network operation, the results of Scenario 2.4 are pre-
sented in Fig. 18(b)-(d). The droop gains update are based on
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FIGURE 18. The voltage and power results of the MTLD control (i.e.,
Scenario 2.4) (a) During normal network operation (b)-(c) During
abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

TABLE 5. Droop gains during abnormal operation for MTLD control
(Scenario 2.4).

Time to t t, ts t, to ti,

K, (Q) 4441 3836 33.53 2628 21.1 29.57 4441

K, (Q) 29.61 2558 2235 17.52 14.06 19.71 29.61
Where t; is the time of the occurrence of the power disturbance at the it
sec.

TABLE 6. Droop gains and AH of the GSCs during abnormal operation for
AHD control (Scenario 2.5).

Time t, t, ts ts t, to ti,
K. (Q) 5 4.81 558 632 783 110 4.1
3
K, (Q) 5 291 334 36 445 391 483
AH, 1082 1296 1123 809 461 148. 956
(MW) 7
AH, 2949 2243 1925 126. 63.6 107. 3074
(MW) 1 2

Where t; is the time of the occurrence of the power disturbance at the it
sec.

(15), (18), and (41) while achieving V,,» = 1.05 pu V¢, and
considering the WSCs’ power injection profile. The NV and
UV are similar to Scenario 2.3. The acquired droop gains
during the consecutive power disturbances are presented in
TABLE 5.

It can be seen that through all the times K; > K (i.e.,
GSC2 shares more power compared to GSC1). Since the
transmission line resistance of GSC1, Ry, is higher than of
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TABLE 7. Droop gains and LF of the GSCs during abnormal operation for
LFD control (Scenario 2.6).

Time to t ts ts t, to i
K, (@ 5 1878 955 237 1725 40.19 1585
K,(Q 5 452 7.6 701 1139 13.17 9.72

LF, 639 313 703 472 916 458 505
(%)
LF, 41 704 569 903 832 814  49.1
(%)

Where t; is the time of the occurrence of the power disturbance at the it"
sec.

GSC2, Rg). Therefore, it is expected that less transmission
losses occur in case less power is transmitted through the path
with the highest line resistance.

The results of the network operation during normal and
abnormal operation, as shown in Fig. 18, are constrained
within the permissible limits. In addition, in contrast to Sce-
nario 2.3, due to the droop gains’ adaptive nature, the DC
voltages are within the +5% of the system no-load voltage,
as presented in Fig. 18(c). The transmission losses in this
scenario, as displayed in Fig. 18(d), are less compared to
scenarios 2.1 and 2.2. The MTLD control obtains OPF for
minimum power losses with a similar outcome to TSO con-
trol (i.e., Scenario 1.2); however, in Scenario 2.4, the GSCs
operate in DC voltage droop control with adaptive droop gain.

5) SCENARIO 2.5: AHD CONTROL (ADAPTIVE GAIN
PERTURBATION)

This scenario presents the power-sharing among the GSCs
based on the AH, (29), of the converters (i.e., the GSC with
the highest AH at time ¢ shares more power compared to the
other GSCs at time ¢ + 1). The droop gains can be adjusted to
achieve AHD control based on an adaptive gain perturbation
technique, as presented in (30). The initial droop gain, Kj(t"),
is set to 5 QVj. The maximum power rating among the GSCs,
MR, is 500 MW while « = 0.5. In this scenario, the NV and
UV are same as Scenario 2.3.

The result of the radial MTDC network, during normal
operation, with the droop gains adjusted for the initial values,
is presented in Fig. 19(a), which gives similar results to
Fig. 15(a).

The radial network results during abnormal operation with
the AHD control are presented in Fig. 19(b)-(d). In addition,
the droop gains and the AH of the GSCs, during the consec-
utive power disturbances are shown in TABLE 6.

At the initial time, O sec < t < 1 sec, the behavior of
the AH is as follows: AH (2[0) > AH (110). Therefore, at time
11, the change in the received power by the GSC2 is higher
than GSC1 (i.e., GSC2 has the highest power participation
to reduce the burden over the converter with lower AH,
GSC1). During the consecutive power disturbances, the AH
of GSC2 remains higher than GSC1, as shown in TABLE 6,
until the disturbance occurrence at time f9. At time 9 (i.e.,
9sec <t < 11 sec), the AH of GSC1 becomes higher than
GSC2. Therefore, at#1 (i.e., 11 sec <t < 13 sec), the change
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TABLE 8. Comprehensive comparison between the DC voltage control methods.

Method VCM CO E CvV CM DC CF Refs
M/S Control Not . Not Not [6],[24].,[26],
Power Flow Balance Moderate Possible Required Complex Flexible [291.1321.33]
VM Control Direct Power Flow Balance Moderate th Required Not N(.)t [241,[291,133];
Voltage Possible Complex Flexible [34]
TSO Control . . Not . Not . [251,[331,[35],
Control Optimal Power Flow High Possible Required Complex Flexible [361.[37]
FDCT Control Efficient Network Operation Not Not
or/and DC Voltage Level High . Required Flexible [19],[20],[21]
. Possible Complex
Matching
MTLD Control .. Not . Not .
Minimum Power Losses Possible Required Complex Flexible [30],[68]
TSOD Control - Not . Not . [12],[131,[14],
Minimum Power Losses Possible Required Complex Flexible [171,(48]
FRD Control Ratlng_-Bgseq Power Moderate  Possible th Not th [511,[561,[60]
D Gai Distribution Required Complex Flexible
RPD Control rgggtm?‘“ Ratio-Based Power Moderate  Possible Not Comnlex Not [24],331,[61],
Distribution Required P Flexible [62]
Sub-Optimal .. . Not Not Not [211,[30],[31],
MTLD Control Minimum Power Losses Possible Required Complex Flexible [491,[63]
AHD Control AH-Based Power Distribution =~ Moderate th Required Complex Flexible [311.1561,[60],
Possible [64]
LFD Control LF-Based Power Distribution ~ Moderate PoI:s(;‘Lle Required Complex Flexible [60]

Where VCM: Voltage Control Method. CO: Control Objective. E: Efficiency. CV: Constraints Violation. CM: Communication. DC: Design Complexity.

CF: Configuration Flexibility. Refs: References.
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FIGURE 19. The voltage and power results of the AHD control (i.e.,
Scenario 2.5) (a) During normal network operation (b)-(c) During
abnormal network operation (i.e., consecutive power disturbances) and
(d) Transmission power losses during abnormal network operation.

in the power received by GSCI is higher than GSC2 (i.e.,
the power participation of GSCI is increased to reduce the
burden on GSC2). Overall, when the total injected power by
the WSCs increases, the GSC with the highest AH at time ¢
will have more change in the received power at time ¢ + 1,
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FIGURE 20. The voltage and power results of the LFD control (i.e.,
Scenario 2.6) (a) during normal network operation (b)-(c) during
abnormal network operation (i.e., consecutive power disturbances) and
(d) transmission power losses during abnormal network operation.

in a positive amount. Whereas when the total injected power
by the WSCs decreases, the GSC with the lowest AH at time ¢
will have the highest power change at time 7+ 1, in a negative
amount, to reduce the stress over the converter. Moreover,
the radial network operates within its allowed limits. The
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TABLE 9. Pros and cons of the DC voltage control methods.

Method

Advantage

Disadvantage

M/S Control

-Suitable for small-scale power fluctuation.

-Control reliability depends on a single converter.

-Fast communication requirement.

-Control of large-scale power disturbances limited to
master converter rating.

VM Control -Suitable for large-scale power fluctuation. -DC voltage swapping.
-Back-up converter is available in case of a master -Fast communication requirement.
converter outage.

TSO Control -Provide supplementary control actions (e.g., OPF). -Regular update of the control set-points.

-Several converters share the role of DC voltage
control.

-Fast communication requirement.
-Optimization process complexity and time consumption.

FDCT Control

-Efficient power transfer.
-Flexible power transfer.
-Voltage and network configuration matching.

-Additional hardware complication and cost.

MTLD Control

-Transmission losses minimization at all times,
including power disturbances.

-Several converters share the role of DC voltage
control.

-Multi-updated droop constant.
-Fast communication requirement.

TSOD Control

-Power and voltage control via the droop constant.
-Supplementary control actions (e.g., OPF).

-Several converters share the role of DC voltage
control.

-Multi-updated droop constant.
-Fast communication requirement.
-Optimization process complexity and time consumption.

FRD Control

-Power-sharing based on converters’ rating.

-Simple droop gain calculation for large-scale radial
systems.

-Single-updated droop gain calculation.

-Reduced communication requirement.

-Several converters share the role of DC voltage
control.

-Possible converter overloading.

-Possible DC voltage rating violation.
-Complicated analytical expression for
complex systems.

large-scale

RPD Control

-Power-sharing priority among converters based on a
ratio.

-Single-updated or multi-updated ratio.

-Several converters share the role of DC voltage
control.

-Possible ratio update and communication requirement.
-Complicated calculation expression for complex
systems.

-Ratio uncertainty due to system parameters uncertainty.

Sub-Optimal MTLD
Control

-Transmission loss minimization.

-Single-updated droop constant.

-Reduced communication requirement.

-Several converters share the role of DC voltage
control.

-Possible network DC voltage rating violation.
-Possible converter rating violation.

-Droop gain sensitivity to forced/unforced
variations.

-Droop constant design complication for a complex
system.

system

AHD Control

-Power-sharing based on the AH of the converters.
-Several converters share the role of DC voltage
control.

-Multi-updated droop gain.
-Fast communication requirement.
-Complex analytical computation.

LFD Control

-Power-sharing based on the LF of the converters.
-Several converters share the role of DC voltage
control.

-Multi-updated droop gain.
-Fast communication requirement.
-Complex analytical computation.

transmission losses during the abnormal system operation are
presented in Fig. 19(d).

6) SCENARIO 2.6: LFD CONTROL (ADAPTIVE GAIN)

In this scenario, the power-sharing among the GSCs is based
on the loading capability of the GSCs (i.e., the GSC with the
highest LF, (31), will have the least participation in the power
delivery). In this case, the droop gains for LFD control are
adjusted based on the function presented in (32). Similar to
the previous scenario, the initial droop gains are taken as 5 2
for all the GSCs. Also, the NV and UV are same as Scenario
2.3. The results of the radial MTDC operation with the initial
droop gains adjustment are presented in Fig. 20(a), which is
similar to the outcomes of Fig. 15(a) and Fig. 19(a).
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The droop gains adjustment and the LF of the GSCs, during
the abnormal operation, are presented in TABLE 7.

While the result of radial network operation with the LFD
control is presented in Fig. 20(b)-(d). As shown in TABLE 7,
the LF of the GSCs follows a zigzag behavior, such that
at each disturbance event, if LF{ > LF, then at the next
disturbance event, the LF behavior becomes LF, > LF|,
and the reverse is true. In general, when the total power
injected by the WSCs increases, the GSC with the lowest
LF at time ¢ will have more change in the received power
at time ¢t + 1, in a positive amount. Meanwhile, when the
total power injected by the WSCs decreases, the GSC with
the highest LF at time 7 will have the highest power change at
time 7 + 1, in a negative amount, to reduce the stress over the
converter.
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Overall, the system operates within the permitted limits,
as shown in Fig. 20, and the transmission losses of the net-
work are displayed in Fig. 20(d).

Vi. COMPREHENSIVE EVALUATION: APPLICATION IN
THE MTDC SYSTEM

The aforementioned DC voltage control methods can be
employed in an MTDC network based on the system
requirement, network configuration, and available resources.
A comparison among the presented DC voltage control meth-
ods is presented in TABLE 8 and TABLE 9. The comparison
considers the following factors: DC voltage control objective,
the DC transmission system efficiency, constraint violation of
the DC system, communication requirement, the complexity
of the DC voltage control method, configuration flexibility of
the MTDC network, and the available research references.

VII. CONCLUSION

A. SUMMARY

In conclusion, this paper presented a comprehensive review
of the DC voltage control methods in an MTDC system. The
main factor for power flow balance in an MTDC network is
the control of DC voltages. The DC voltage can be controlled
locally with decentralized control techniques. Besides, it can
be controlled globally via centralized control techniques. This
paper delivered a general classification of the DC voltage
control methods, as was presented in Fig. 1 in Section I. The
control methods and their design approaches were delivered
from the perspective of post-contingency stability. The main
control methods were studied and simulated with a 400 kV
radial MTDC network, considering both normal and abnor-
mal network operating conditions. Moreover, a comparison
among the control methods was presented, as presented in
TABLE 8. The DC voltage control methods can be deployed
based on the MTDC system configuration, communication
accessibility, and the control objective requirement by the
transmission system operator (e.g., minimum transmission
losses, power distribution based on the converters’ capabil-
ities, efficient power transfer, a hybrid combination of the
aforementioned objectives, or any other system requirement).

B. FUTURE WORK

The dynamic stability of the MTDC network is a vital aspect
of a reliable system operation. Therefore, the presented DC
voltage control approaches require dynamic stability analy-
sis in the future. These approaches can also be assessed in
parallel with the interline power flow controller and FDTC
approaches (i.e., integrating a DC-DC converter) for optimal
power flow and improved congestion management. Besides,
these control methods can be tested with emergency system
operation (e.g., full or partial converters disconnection and
line outages).
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